• Sex differences in the SPS model of PTSD were examined.
a b s t r a c t
Post traumatic stress disorder (PTSD) is a debilitating anxiety disorder resulting from traumatic stress exposure. Females are more likely to develop PTSD than males, but neurobiological mechanisms underlying female susceptibility are lacking. This can be addressed by using nonhuman animal models. Single prolonged stress (SPS), a nonhuman animal model of PTSD, results in cued fear extinction retention deficits and hippocampal glucocorticoid receptor (GR) upregulation in male rats. These effects appear linked in the SPS model, as well as in PTSD. However, the effects of SPS on cued fear extinction retention and hippocampal GRs in female rats remain unknown. Thus, we examined sex differences in SPS-induced cued fear extinction retention deficits and hippocampal GR upregulation. SPS induced cued fear extinction retention deficits in male rats but not female rats. SPS enhanced GR levels in the dorsal hippocampus of female rats, but not male rats. SPS had no effects on ventral hippocampal GR levels, but ventral hippocampal GR levels were attenuated in female rats relative to males. These results suggest that female rats are more resilient to the effects of SPS. The results also suggest that GR upregulation and cued fear extinction retention deficits can be dissociated in the SPS model. © 2015 Elsevier B.V. All rights reserved.
Post traumatic stress disorder (PTSD) is a debilitating anxiety disorder which results from traumatic stress exposure [1] . Females are twice as likely to suffer from PTSD relative to males [2] even though the probability of trauma exposure in females is lower [3] . This suggests that females are more susceptible to the effects of trauma. However, neurobiological mechanisms through which this increased susceptibility manifests have not been sufficiently explored. Non-human animal models of PTSD [4] , such as the single prolonged stress (SPS) model, can be useful for exploring these mechanisms. Unfortunately, SPS has only been previously conducted in male rats.
Fear extinction retention deficits and enhanced glucocorticoid receptor (GR) expression are both symptoms observed in PTSD patients [5] [6] [7] . Fear extinction retention deficits refer to the failure to inhibit fear conditioned responding (e.g. conditioned freezing) to a previously extinguished fear conditioned stimulus (CS) [8] . Enhanced GR levels have been implicated in PTSD symptomatology [7] , and changes in GR function have been suggested to contribute to trauma susceptibility in females [9] . Fear extinction retention deficits and enhanced hippocampal GR expression are also observed in the SPS model [10, 11] , and these two effects may be linked [12] . Thus, examining sex differences in the SPS model with regard to fear extinction retention and GR expression could lead to a better understanding of how GR function contributes to susceptibility to trauma in female humans. The current study examined the effects of SPS on cued fear extinction retention and GR expression in the dorsal hippocampus (dHipp) and ventral hippocampus (vHipp) of male and female rats. Twenty four male and female Sprague-Dawley rats were obtained from Charles River (Portage, MI) as subjects. Upon arrival, male (postnatal day (PD) 43-45, 151-175 g) and female rats (PD 40-44, 126-150 g) were housed in same-sex pairs. Rats were placed on a 12-h light/dark cycle and allowed ad libitum access to water and 23 g/day of standard rat chow per the manufacturer's recommendation after a five-day acclimation period with ad libitum access to food. All experimental procedures were performed in compliance with approval from The University of Delaware Institutional Animal Care and Use Committee following guidelines established by the NIH.
Vaginal smears were collected from female rats daily using cotton swabs dipped in sterile saline for 14 days prior to any experimental procedures to determine stage of estrus cycle. Loose epithelial cells gathered from swabbing were mounted onto slides to enable visualization under a light microscope. Male rats were swabbed in the anogenital region daily as a control procedure. Females were pseudo-randomly assigned to SPS or control condition based upon stage of estrus cycle such that equal numbers of females in each stage would be present in the SPS and control groups.
Female (PD 58-62) and male (PD 61-63) rats underwent SPS and control procedures as previously described [13] . The SPS procedure was comprised of 120 min of restraint, 20 min of forced swimming, and ether exposure (70 mL) until general anesthesia was induced. Control animals were left in their home cages in a novel room for the duration of the SPS procedure. Following these procedures, rats were housed individually and allowed an undisturbed post-stress incubation period of seven days because this is necessary to observe SPS effects [11, 14] .
Fear conditioning, extinction training, and retention testing protocols were conducted as previously described [12, 14] . Fear conditioning was conducted in Context A and was comprised of five CS-unconditioned stimulus (US) pairings. The CS was a tone (2 kHz, 10 s, 80 dB) which co-terminated with the US footshock (1 mA, 1 s). Extinction training was conducted 24 h later in Context B and involved 30 CS-only presentations. Extinction retention testing was conducted in Context B (i.e. the extinction training context) 24 h after extinction training and involved eight CS-only presentations. This context-shift procedure minimizes the effects of contextual fear conditioning on cued fear and extinction memory phenomena [15] . All behavioral sessions employed a 210 s baseline period and 60 s inter-trial intervals (ITI). Cameras located on the boxes' ceilings recorded behavioral videos using Any-maze software (Stoelting Inc.). Videos were scored offline.
One day after cessation of fear extinction retention testing, all rats were sacrificed via rapid decapitation. Western blot electrophoresis was used to assay GR levels as previously described [12] . The hippocampus was divided into the dHipp and vHipp and GR content was analyzed in these brain regions separately. Homogenates from brain samples were electrophoresed on Tris-HCl gels and transferred onto nitrocellulose membranes. Rabbit polyclonal antibody (1:500 (Santa Cruz biotechnology Inc., Santa Cruz, CA, USA), M-20) was used to visualize GRs, while mouse monoclonal antibody (1:250-1000 (Santa Cruz biotechnology Inc., Santa Cruz, CA, USA), C4) was used to visualize the reference protein, ␤-actin. Fluorescent tagged goat anti-rabbit and anti-mouse antibodies were used to visualize primary antibodies (Li-COR, 1:2000). Membranes were scanned on a LI-COR Odyssey CLx scanner and Image Studio software was used to score protein bands. Samples for each subject were run across multiple gels. For each subject, data from all gels were averaged.
Any-maze was used to score freezing in behavioral videos as previously described [12] . Freezing during the CS presentation and the following ITI were blocked into one trial and converted into percentages for statistical analyses. For extinction training and testing, cued freezing during two trials was averaged into one block. All behavioral data was subjected to a stress (SPS vs. control) × sex (male vs. female) × trial or block (1 − n) factor design. Main and simple effects were analyzed using analysis of variance (ANOVA), while main and simple comparisons were analyzed using a t-test with a Bonferroni correction where necessary.
GR levels were expressed relative to ␤-actin and subjected to a stress × sex factor design. A second analysis was performed on GR levels, whereby GR levels were normalized relative to the respective control group separately for males and females and then analyzed with a one-sample t-test. p < 05 was set as the threshold to define statistical significance. If data from an animal was at least three standard deviations from its corresponding group mean, the data from this animal was removed from the study. This resulted in three animals being removed from the data set (SPS/male = 1, control/male = 1, SPS/female = 1). Fig. 1A illustrates the experimental design. Fig. 1B shows cells from females in different stages of estrous. Chi-square tests revealed that the proportion of females in a particular phase of the estrous cycle (i.e. estrus, diestrus day one, diestrus day two, and proestrus) was equivalent across SPS and all behavioral tests ( 2 (3, N=22) = .819, p = .845). ANOVA of cued freezing during fear conditioning revealed a main effect of blocked trial (F (5,145) = 179.874, p < .001), which suggests all rats acquired the cued fear memory. There was also a sex × trial interaction (F (5,145) = 2.824, p = .026). Performing a ttest on the difference in cued freezing between trials 5 and 1 revealed that the rise in cued freezing was greater in females relative to males (t (31) = 2.567, p = .034). However, cued freezing during trial 5 was equivalent between male and female rats (t (31) = 1.015, p = .318). These findings suggest that female rats showed a faster rise in levels of cued freezing during fear conditioning, but acquisition of cued fear memory was the same between the sexes (Fig. 1C) .
ANOVA of freezing during extinction training revealed a main effect of blocked trial (F (15, 435) = 41.708, p < .001) and a significant effect of trial on the quadratic trend component (F (1,29) = 12.134, p = .002), suggesting cued fear memory retrieval and acquisition of cued fear extinction memory occurred in all rats. There was also a main effect of sex (F (1,29) = 4.802, p = .037) and sex × trial interaction (F (15, 435) = 0.351, p = .042). To probe these effects further, different blocks of the extinction training session were separately subjected to a sex × stress factor design. To examine contextual fear discrimination, baseline freezing was subjected to ANOVA. This revealed significant main effects of stress (F (1,29) = 4.625, p = .04) and sex (F (1,29) = 5.969, p = .021) due to enhanced baseline freezing in SPS/males relative to all groups. This reflects contextual fear discrimination deficits in SPS/males. ANOVA of cued freezing during the first two blocks of extinction training was used to assess if SPS or sex had effects on cued fear memory retrieval. No significant effects were observed (p's > .05). ANOVA of cued freezing during the final extinction training block was performed to examine acquisition of extinction memory. A significant main effect of sex (F (1,29) = 4.238, p = .049) was observed due to enhanced levels of cued freezing in male rats relative to females, which suggests that acquisition of cued extinction memory was enhanced in female rats (Fig. 1D) .
For fear extinction retention testing, ANOVA of cued freezing revealed a sex × stress interaction (F (1,29) = 5.797, p = .023). There was a simple effect of stress for male rats (F (1, 14) = 5.133, p = .04), but not female rats (F (1,15) = 1.192, p = .292). The results suggest that both baseline and cued freezing were enhanced in the SPS/males relative to the control/males; an effect that was absent in female rats. Thus, contextual fear memory discrimination deficits and cued fear extinction retention deficits were observed in SPS/males, but not SPS/females (Figs. 1E and 2) .
Analysis of dHipp GR levels revealed a stress × sex interaction (F (1,35) = 4.262, p = .046), which suggests that SPS exposure enhanced GR upregulation in female rats, but not male rats. This interpretation was further supported by a t-test performed on SPS/female GR expression in the dHipp using normalized GR levels relative to control/females (t (10) = 2.367, p = .039; see Fig. 3C ). This t-test on normalized GR levels in SPS/males did not reveal a significant effect (t (8) = −1.849, p = .102). ANOVA of vHipp GR levels yielded a significant main effect of sex (F (1,34) = 10.814, p = .002), but no stress or stress × sex interaction effects (p's > .05). These analyses reflect the finding that females had lower levels of GRs in the vHipp, but that stress had no effects on vHipp GR levels (Fig. 3) . This interpretation was further supported by non-significant onesample t-tests of normalized vHipp GR levels in males and females (p's > .05). Analysis of covariance (ANCOVA) were conducted for stage of estrus cycle for all ANOVAs reported. None of these yielded a statistically significant result (p's ≥ .05).
We demonstrated that SPS exposure does not induce cued fear extinction retention deficits in female rats, but enhances dHipp GR levels in these rats. Females also had lower levels of GRs in the vHipp relative to male rats. While other studies have found lower levels of GRs in females across many brain regions (see [9] for review), to our knowledge this is the first study to find a sex difference in GR expression in the vHipp. We also replicated the finding that SPS exposure in male rats results in cued fear extinction retention deficits.
SPS exposure did not induce cued fear extinction retention deficits in female rats, which suggests female rats are resilient to some of the detrimental effects of SPS. There is precedent in the literature for female resilience to stress when stress paradigms are paired with Pavlovian fear conditioning. For instance, chronic stress exposure results in cued fear extinction retention deficits in male rats, but enhances extinction retention in female rats [16] . Thus, it can be argued that female rats are resilient to the detrimental effects stress has on cued fear extinction retention. In contrast, female humans appear susceptible to effects of traumatic stress [2, 3, 17] . The reason for the apparent discrepancy is unclear. While animal stress models can provide insight into neurobiological mechanisms of trauma susceptibility, differences may exist between rodents and humans that make these animal stress models somewhat ineffective. Alternatively, current animal stress models may be inappropriate for female rats, as female rats may perceive these stressors differently than males. Thus, the development of new stress protocols may be needed.
Upregulation of dHipp GRs in SPS/male rats was not observed, which is inconsistent with previous studies [10] [11] [12] . Potential reasons to explain this discrepancy include enhanced levels of handling and older age of rats at SPS exposure in the current study. Because male rats were swabbed daily, levels of handling in this study were enhanced relative to previous studies [12, 14] . Additionally, rats are typically between PD 48 and 51 when exposed to SPS [12, 14] , but rats in this study were between PD 61 and 63. Irrespective of why hippocampal GR upregulation was not observed with SPS exposure, it is important to note that cued fear extinction retention deficits in SPS-exposed males were still observed (see Results). This suggests that upregulation of hippocampal GRs and cued fear extinction retention deficits can be dissociated in the SPS model. This assertion is further reinforced by the finding that SPS exposure in female rats enhanced dHipp GR levels, but did not induce cued fear extinction retention deficits. Because SPS/females experienced GR upregulation in the dHipp but not cued fear extinction retention deficits, this raises the possibility that GR upregulation could have different effects in males and females. Additionally, results suggest the possibility of a differential role of the dHipp versus vHipp in mediating responses to stress due to SPS-induced GR upregulation occurring in the dHipp but not vHipp. Future research is needed to explore these possibilities.
Why might female rats be resilient to stressors that induce extinction retention deficits in males? Estrogen levels have been shown to contribute to chronic stress resiliency in female rats. Chronically stressed male, but not female, rats' performance on a prefrontal cortex (PFC)-dependent memory task is compromised. This resiliency in female rats is due to enhanced activation of estrogen receptors in the PFC [18] . Additionally, sex differences in hippocampal structure have been found in response to chronic stress, and estrogen has been shown to play a role in this [19] . We also found a sex difference after stress exposure in the hippocampus, with SPS/females, but not SPS/males, demonstrating GR upregulation in the dHipp (see Results). The ventromedial PFC and hippocampus are critical for fear extinction [8] . Thus, sex differences in structure and/or function of the PFC or hippocampus could explain why female rats do not exhibit extinction retention deficits with stress exposure (see Results; [16] ). Because identifying neurobiological mechanisms of resiliency helps develop treatments for stress-induced psychological disorders such as PTSD, future research is needed to explore how resiliency to SPS occurs in female rats.
